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The empirical analysis applies non-stationary panel techniques to two groups of countries to show that pair-wise cointegration exists among GDP, physical capital, human capital and trade openness. This is support for Nelson's (1981) view that "it may be fruitful to consider the several sources of growth as being like the inputs into a cake. All are needed." By contrast, the predictions of endogenous growth models with scale effects are rejected.
The theoretical and empirical approach of modeling long-run growth outlined here differs significantly from earlier studies: It neither attempts to estimate coefficients of an aggregate production function nor does it use investment ratios or population growth rates as explanatory variables.
The approach can be used for policy analysis. Policy priorities can be derived by identifying the weakest element among the three drivers of growth. For example, a country's physical capital and openness may currently be well above levels indicated by the cointegration relationships between these two variables and GDP, but human capital may be well below the equilibrium identified by the model. In this case, it would make little sense for that country to focus on even more accumulation of physical capital.
The setup can also be used for forecasting medium-to long-term GDP growth. This requires forecasts for human capital, openness and population. Forecast failure has been widespread in recent years. The information included in the trajectories of the growth drivers and in the deviations from the equilibria (cointegration errors) may help to reduce the size of these forecast errors.
Stefan Bergheim (stefan.bergheim@db.com) Pair-wise cointegration in long-run growth models 1 Introduction
Since Adam Smith wrote about the "Wealth of Nations" in the late 18th century, the analysis of long-run economic growth remains one of the most important topics in economics. It forms the basis for much of the policy advice economists give today and it is one of the reasons for the public's interest in economics. However, despite the progress made over the past decades, dissatisfaction with theoretical and empirical growth models remains widespread both within the profession and outside of it.
Theoretical models either have to rely on manna-from-heaven growth or they offer an overwhelming number of variables which all seem to be linked to growth. Even more, some endogenous growth models lead to predications that may not be helpful for explaining real world phenomena. Policy advice has certainly improved in recent years compared to earlier recommendations to simply increase the investment rate or to reduce the birth rate. Knowledge and institutions are currently attracting most attention. However, this new focus has not prevented sizeable mistakes in forecasting economies' long-run growth potential. For example, at the beginning of the 1990s, Japan was seen as the model economy while the US was seen as mired in stagnation. Reality showed that the reverse was true. Similarly, few observers were able to predict the downturn in Asian economies in the late 1990s -and even fewer expected the divergent paths of the recoveries of the different economies in the following years.
The still most-widely used method in empirical analysis is cross-section regressions even so they cannot possibly capture the inherently dynamic properties of long-run growth. Panel models have made inroads over the past decade but they do not always take into account the non-stationarity of the underlying variables. However, this non-stationarity may contain important information that can be uncovered through cointegration analysis: if two non-stationary variables do not stray far from a linear combination of the two, then there is a long-run equilibrium or cointegration relation between the variables. For example, GDP may converge to the path traced by one or more fundamental drivers of growth.
This paper proposes a novel theoretical and empirical approach to long-run growth analysis, which may help reconcile some of the theoretical disputes and improve the forecasting performance of growth models. Section 2 reviews the standard growth theories and emphasizes the result of pair-wise cointegration among the key variables. Section 3 presents an augmented Kaldor model making use of some stylized facts. Section 4 describes the data used for GDP, physical capital, human capital and trade openness. Section 5 presents the results from non-stationary panel estimation confirming the theoretical conclusion of pairwise cointegration. Section 6 compares the framework of this paper to other approaches. Section 7 concludes and suggests ways to apply the framework in policy analysis and forecasting.
Growth theories revisited
Useful growth theories have to satisfy important conditions laid out by two Nobel Prize winners: Robert Solow (2001, p. 383) thinks "of growth theory as the search for a dynamic model that could explain the evolution of an economy over time" or equivalently "the theory of the evolution of potential output"(ebid p. 286). And Robert Lucas (1988, 5) defines theory as "an explicit dynamic system, something that can be put on a computer and run."
Neoclassical models
The neoclassical Solow model (Solow [1956] , [1957] ) remains the workhorse for growth empirics today and the benchmark against which all other models are compared. Solow analyzed a closed economy with only one good Y , no government involvement, a constant returns to scale production function, a constant and exogenous savings rate s, two factors of production capital K and labor L, and a level of technology A (or total factor productivity TFP) given exogenously. The standard Cobb-Douglas production function with Harrod-neutral technological progress is:
where the subscript t denotes time and α the elasticity of output with respect to capital input. Technology advances at the constant and exogenous rate g, A t = A 0 e gt , and labor input at the constant and exogenous rate n, L t = L 0 e nt . Reformulating and expressing the key variables in per capita terms leads to the familiar conclusion: the growth rates of GDP per capitaŷ t and of the capital stock per capitak t in the steady state are independent of the savings 2 rate but depend only on the pace of technological progress g.
In econometric terminology, the three variables y, k, and A are all driven by a single shock g. So there should be a cointegrating relationship among the two variables y and k. The augmented Solow model made popular by Mankiw, Romer and Weil (1992) includes human capital as a third factor of production in the production function and leads to the same conclusion. All per capita variables grow at the same exogenous rate of g in the steady state:
Among the three integrated variables y, k, and h, there should be two cointegrating relationships. Each pair of these three variables should be cointegrated. A similar conclusion can be derived from the Lucas (1988) model without spillovers. Lucas introduced a second sector into the model economy, which produces human capital using a constant returns technology. This allowed him to express the long-run growth rate of GDP using parameters from within the model instead of having to rely on an exogenous rate of g. The relevant conclusion for the empirical analysis is that -just as in the (augmented) Solow model -all per capita variables grow at the same rate:
This growth rate depends on the underlying characteristics of the economy: the rate of risk aversion σ, the technology of teaching B, the depreciation rate of (human) capital δ, and the rate of time preference ρ. Again, a testable hypothesis is that y t , k t , and h t are pair-wise cointegrated. Over the past decade growth theory increasingly focused on policies and institutions. Parente and Prescott (e. g. 1994 propose to model the barriers preventing a country from using the best globally available technology as a way to explain differences in income levels as well as some "growth miracles" in the 20th century. Their theory of relative efficiencies (or of differences in total factor productivity TFP) decomposes a country's technology into a pure knowledge component common to all countries and an efficiency component specific to each country measuring the degree to which this country makes use of the available knowledge. The efficiency component captures, for example, work rules that require firms to use a minimum number of workers per machine or per plant.
Importantly for the analysis in this paper, it is impossible to combine free trade and barriers to entry/technology at the same time: If rules prevent domestic firms from using the best available technology, then foreign firms would be able to capture the market, if they were allowed to enter. Opening an economy to free trade is only sensible, if barriers to technology are reduced at the same time or earlier. In principle, a country can reduce its domestic barriers without opening to free trade. But then it will not be able to make use of all the technology that is incorporated in imports or conveyed in the exchange with foreigners. The conclusion is that low barriers to entry and free trade tend to go hand in hand. Therefore, the degree of trade openness -for which data are easily available -should be a good measure of the efficiency component and possibly of the overall quality of a country's institutions. The empirical analysis below will show that trade openness o cointegrates with the other non-stationary variables in the model, y, k and h.
Evolutionary models
Evolutionary models use bounded rationality, heterogeneity of agents, economic selection, and disequilibrium notions to model how economies evolve, i. e. their continuous change from a lower or simpler state to a higher or more complex state. They effectively come to the same conclusion of pair-wise cointegration as the models outlined above. Nelson (1981, page 42 in reprint) argues "it may be fruitful to consider the several sources of growth as being like the inputs into a cake. All are needed." Finding pair-wise cointegration among the key variables in an empirical growth model can be seen as support for this claim. Nelson (ebid) concludes that "where complementarity is important, it makes little sense to try to divide up the credit for growth, treating the factors as if they were not complements." However, this close linkage between the individual factors of growth leads to the question of what ultimately determines their evolution. Nelson also refers to the "general features of the economic environment and of political and social institutions that support all three sources and the growth they promote" which points to a the same research agenda that neoclassical growth theory has turned to in recent years: what ultimately explains the exogenous rate of technological progress that shapes all the proximate drivers of economic growth.
Models with scale effects
Models with knowledge spillovers have received a wide following in recent years, but remain subject to some controversy. As Jones (1999) outlined, the endogenous models with spillovers lead to predictions of scale effects, even if some papers claim otherwise in the title: The growth rate of per capita GDP depends positively either on the size of the population (or of human capital, see Romer [1990] , Aghion and Howitt [1992] and others) or on the growth rate of the population (see Jones [1995] , Segerstrom [1998] and Aghion and Howitt [2005] ). These predictions have been criticized for example by Parente (2001) who argues that "the prediction known as scale effect is not born out by the data." Likewise, Bottazzi and Peri (2006) see "a clear rejection of the existence of a strong scale effect."
My empirical approach can also be used to test the hypotheses derived from this strand of endogenous growth models. For example, if the growth rate of GDP really depends on the level of human capital then the two series should be integrated of the same order. However, as will be shown below, the growth rate of GDP is stationary, while human capital is not stationary. Therefore GDP growth and human capital cannot be cointegrated, which could be seen as evidence against models with scale effects. Brunner (2003) uses the same strategy in his investigation of the link between openness and GDP growth, but does not employ the powerful panel techniques used here.
The augmented Kaldor model
The neoclassical models presented above use an aggregate production function. However, aggregate production functions are a problematic concept and their coefficients cannot be estimated. 2 The good fit to the data is the main reason why aggregate production functions continue to be estimated. However, the high R 2 stems from the fact that effectively the national income identity is estimated, where the value of output always has to equal the value of inputs, i. e. the wage sum plus the income from capital. The constancy of the factor shares in income over time and their similarity across countries ensures a good fit as Felipe and McCombie (2005) point out.
In light of these considerations, trying to estimate the coefficients of an aggregate production function is not a primary concern of this paper. An alternative avenue is advocated by , who suggests "to begin with unprejudiced empirical study of the speed of technological innovation." This is the approach to be followed below.
Nicholas Kaldor (1957) argued that the "purpose of a theory of economic growth is to show the nature of the non-economic variables which ultimately determine the rate at which the general level of production of an economy is growing" (p. 591). In his model, economic growth depends on the readiness of an economy to absorb technical change combined with the willingness to invest in physical capital (p. 599). He established the "stylized Kaldor facts" of a constant labor share in income, a constant capital-output ratio, and a constant rate of profit (i. e. the real interest rate) over time. Kaldor thought it is impossible to distinguish between a rise in output induced by new technology and one induced by additional capital because a higher capital stock per worker must inevitably have been preceded by the introduction of a superior technology.
Long-run GDP growth is exogenous in Kaldor's original model. His original "Technical Progress Function" using per-capita variables is:
where c is a constant and a is a factor of proportionality. This technical progress function can be augmented to include human capital h and a variable that measures openness o capturing the efficiency component in the Parente/Prescott model outlined above. An augmented technical progress function therefore is:
Output grows at the weighted average rate of the percentage change of physical capital and the absolute changes of human capital and trade openness. 3 The time path of openness is assumed to be exogenous andḣ t may either be exogenous or it may be determined as in the simple Lucas model in a human capital producing sector. There is no constant c in the progress function anymore, assuming that human capital and openness comprehensively model technical progress.
A similar equation is shown in Bernanke and Gürkaynak (2001) and in Bottazzi and Peri (2007), however without any of the labels used in the present paper. The version in Bottazzi and Peri (2007) 
where A t is the stock of total available scientific and technological ideas.
Pair-wise cointegration in the Kaldor model
Having established the augmented technical progress function, one can now invoke the stylized Kaldor-fact that physical capital and output grow at the same rate in the long run (k =ŷ) to ensure a constant capital-output ratio. Similarly, the absolute change of human capital is equal to a constant ω times the growth rate of GDP per capita, as I will show in the empirical part:ḣ = ωŷ. Input this into 6 to getk
or equivalentlyŷ ωb) . This close link between the growth rates of the main variables mirrors the results from the models summarized in equations 2 through 4. The testable hypothesis is the same: pair-wise cointegration among y t , k t , h t , and o t , although the slope coefficients on human capital (and trade openness) may differ from unity.
Capital formation and profitability
Physical capital plays a passive role in the Kaldor model. It adjusts to the intensity of innovation -driven in this augmented version by openness and human capital -which influences the profitability of new investment. This reasoning is in line with Prescott (1997) arguing that "the reason that capital per worker is high in rich countries is that total factor productivities are high in rich countries." A stronger development of openness and human capital raises the productivity of physical capital (the profit rate) and therefore the rate of capital accumulation. The capital stock per capita obeys the following rule:
It is equal to a coefficient θ times output in the previous period plus a coefficient φ times profits π in relation to the capital stock in the previous period. Reformulation of equation 9 leads to the rule for investment per capita i which depends in particular on the change in GDP and the change in the profit ratio: 4
This setup helps reconcile two views in the growth literature which are sometimes interpreted as opposing. One view argues that factor accumulation is not the main driver of growth, while the other view sees a strong positive link between investment and GDP growth. In the augmented Kaldor framework both views hold.
Data
The theoretical and empirical models in this paper are rather limited in size. while data for earlier and later years are calculated using the growth rates of GDP in local currency units. This procedure maintains the relative prices of the base year 2000 and, crucially, proceeds with the same growth rates as those published by national and international organizations. Per capita levels are calculated using population data from the Groningen Growth and Development Centre.
The stock of physical capital is calculated using the perpetual inventory method, similar to Hall and Jones (1999) 
where δ is the depreciation rate. Real investment is in local currency units and comes from the World Development Indicators. The capital stock in the base year is set equal to real gross investment in the base year divided by the sum of the average growth rate of investment and the depreciation rate. So
For the growth rate of investment κ, I use the grand mean of 2.4 percent for the rich countries and 5 percent for the emerging markets. The depreciation rate 4 Equilibrium in the Kaldor model is ensured by assuming that the savings rate out of profit income exceeds the savings rate out of labor income by an amount larger than the sensitivity of the capital stock to the profit rate multiplied by the output-capital ratio i. e. sπ − s L > φ(Y /K), see Kaldor (1957, 607 δ is set at 6 percent for all countries in all years, the same rate as in Hall and Jones (1999) . 6 Data are converted to 2000 international Dollars using the same exchange rates as those implied in the GDP series. The data do not distinguish whether the capital stock is owned by residents or foreigners.
Human capital is measured by the average years of education of the population aged 25 to 64. Time series for 21 rich countries are based on a dataset from 1971 to 1998 published in Bassanini and Scarpetta (2001) . They built on the work of De la Fuente and Doménech (2000), who in turn used the Barro-Lee data as a starting point. De la Fuente and Doménech (2000) and Portela et al. (2005) emphasize the measurement error in the Barro-Lee data that stems from the calculation of non-census observations using enrollment data. For the present paper the Bassanini and Scarpetta (2001) dataset is extended through 2003 using the OECD's Education at a Glance of 2005. For 19 emerging markets I use the dataset from Cohen and Soto (2001) with observations every 10 years between 1960 and 2010. Intermediate data were interpolated by spline. For Taiwan, the Barro-Lee data were used, extrapolated to 2003.
Finally, the openness measure is based on the share of nominal exports and imports in nominal GDP. Nominal ratios are preferable to real ratios since the relative price of traded and non-traded goods tends to change over time but that does not indicate a change of actual openness. Real trade shares rose much faster than nominal shares in the past as prices of traded goods rose less than prices of non-traded goods. Since the openness variable tries to capture the allocation of resources inside each individual country in each year it is necessary to use the relative prices between traded and non-traded goods prevailing in that year. When making cross-country comparisons of openness levels it is necessary to adjust the trade shares for country size because small countries tend to trade more across borders than large countries. No adjustment is made here for differences in price levels across countries as suggested by Alcalá and Ciccone (2004) because this would imply that the same 10 percentage point change of the nominal trade share would be seen as having a different impact on GDP depending on the price level.
The 2-stage estimation procedure
The estimation approach proposed here proceeds in two stages. The first stage uses non-stationary panel techniques to explore the long-run linkages between GDP and its drivers. The second stage is a stationary panel analysis which uses the estimated cointegrating errors from the first step and first differences of the drivers to estimate models for GDP growth. So far, methods to jointly estimate these two stages are not available for a system with several cointegrating relationships. 7 Each stage is applied separately to the two sub-samples.
The first stage starts with pre-testing for stationarity of the four series in the 40 countries. There is no consensus yet in the literature on panel unit root tests on when to use which estimator. Since Hlouskova and Wagner (2006) show the low power of tests where the null hypothesis is stationarity, only tests with the null hypothesis of a unit root are used here. Breitung (2000, UB in  table 1) and Levin, Lin, and Chu (2002, LLC) use a homogeneous alternative, while Im, Pesaran, and Smith (2003, IPS) use a heterogeneous alternative. 8 As table 1 shows, all tests strongly agree that the logarithm of GDP per capita, the logarithm of physical capital per capita, the years of education and trade openness are non-stationary in the 21 rich countries. There is some disagreement about the non-stationarity of the openness series in the emerging markets group which stems from the fact that many emerging markets simply did not open up over the past decades. Tests using first differences reject the null hypotheses of unit roots throughout. The results of these panel unit root tests can be interpreted as evidence against the models with scale effects sketched above. If the level of GDP and the level of human capital are integrated of the same order, then there cannot be a lasting impact of the level of human capital on the growth rate of GDP.
Pair-wise cointegration
The main contribution of this paper is to show that there are three cointegrating relationships among these four non-stationary variables in the two groups. A widely-used method for panel cointegration tests is the group mean (between) panel fully modified OLS (gFMOLS) method as outlined in Pedroni (2000) . A homogeneous cointegration vector is estimated, but fixed effects and short-run dynamics are allowed to be unit-specific. The null hypothesis is for a common cointegrating vector, i. e. the variables cointegrate for each member of the panel with the same cointegrating vector β. The alternative hypothesis allows unit-specific (heterogeneous) cointegration vectors. So the null hypothesis of no cointegration (β = 0) is tested against the alternative of unit-specific cointegration. The estimator is based on the "between dimension" of the panel, i.e. on unit-by-unit estimation that allows different constants and slope coefficients. The mean value of the resulting slope coefficients can then be evaluated using a t-statistic constructed as the simple mean of the individual t-statistics. Breitung (2005) 9 proposes a computationally convenient two-step estimator, where the short-run and the long-run parameters are estimated in two separate steps. In the first step, the unit-specific short-run parameters are estimated using separate models for all N cross sections allowing for unit-specific cointegration vectors. The second step estimates a common cointegration vector by OLS using a pooled regression. Breitung shows that the long-run parameters are asymptotically normally distributed. This second-step regression can be treated as ordinary least squares and the nonstationarity of the regressors can be ignored. Table 2 shows the results from both tests for the two country groups. The logarithm of GDP per capita cointegrates with each of the three drivers and the three drivers cointegrate with each other with the expected coefficients. There is a pair-wise cointegration among the four variables as suggested by the theoretical models outlined above. The error terms from the three cointegrating relationships using GDP on the left-hand side are shown in the appendix for the 21 rich countries.
The cointegration between GDP and physical capital per capita is highly significant in both samples. For the rich countries the coefficient is close to unity, confirming the stylized fact established by Kaldor 50 years ago that the ratio between GDP and the capital stock is stationary. Exceptions from this common cointegrating vector are Ireland (likely because of rising net factor income on intellectual capital going abroad) and Japan (unusual investment incentives). The slope coefficient is smaller in the emerging markets, indicating a less efficient use of physical capital there. These results indicate that in the rich countries any 10% rise in the capital stock will go hand in hand with a 10% rise in GDP in the long run, partly because other drivers of growth will also increase. This interpretation differs from accounting-based exercises, which see a 10% rise in the capital stock leading to a 3.3% rise in GDP (capital's share in income being one third) ignoring the complementarity of the different drivers of growth. Figure 1 in the appendix illustrates that the cointegration errors are stationary, with the main exceptions in the rich countries being Ireland and Japan. There are no indications for non-linearities.
The cointegrating relationship between GDP per capita and the average years of education is also estimated with high statistical significance. The coefficients of 0.23 (gFMOLS) and 0.20 (2-step) in the 21 rich countries indicate that an additional year of education goes hand in hand with a roughly 20% rise in GDP per capita in the long run. Compared with the microeconomic returns of less than 10%, this value appears high at first sight. However, physical capital (and openness) also tends to rise with higher education. Therefore, the 20% return captures both direct and indirect effects of an increase in human capital.
Since one year of education is roughly a 10% increase in human capital in the 21 rich countries, these results do not support the prediction of the augmented Solow model that human capital and GDP grow at the same rate. The augmented Kaldor model is a more appropriate specification, with ω in equation 8 equal to 0.2. In the emerging markets sample there also is a highly significant cointegrating relationship between GDP and human capital -with the coefficients slightly higher than in the rich countries. Figure 2 in the appendix shows large cointegration errors in some countries -of which some might stem from measurement error for human capital.
Not surprisingly, the cointegrating relationship between per capita GDP and trade openness produces lower t-statistics than for the other variables and there is some disagreement between the two tests about the size of the coefficient. However, the coefficient has the expected positive sign and is still estimated with a high level of statistical significance. In the rich countries the coefficients of 0.025 (gFMOLS) and 0.036 (2-step) indicate that a ten percentage point increase in the trade share goes hand in hand with a roughly 30% rise in GDP per capita in the long run. In the emerging markets sample, the estimated coefficients are much smaller with only the 2-step estimate of 0.018 close to the numbers from the rich countries.
So far, all cointegration tests had GDP on the left hand side. Other permutations confirm the theoretical insight that the variables are pair-wise cointegrated with transitivity holding. The relationship between physical capital on the left-hand side and human capital is estimated with high significance and the coefficients are almost exactly equal to those from the relationship between GDP and education. This makes sense given the coefficient of unity between GDP and physical capital. The same transitive result holds for the cointegration between physical capital and openness. The coefficients are similar in magni-tude to those from the GDP-openness relationship. Here again, the coefficients are estimated with a relatively low precision. Finally, the cointegration relationship between education and openness is also significant with the coefficients roughly equal to the ratio of the coefficients from the individual relationships with GDP. 10
The short-run panel models
The result of pair-wise cointegration cannot be the end of an investigation into the sources of economic growth. Cointegration is intimately connected to the idea of error-correction; the formal equivalence between cointegration and error correction has been established by Engle and Granger (1987) . A deviation of a system from equilibrium conveys information regarding its likely future course and is therefore useful for forecasting. Furthermore, Maddala and Kim (1999, 189) point out that if two variables are cointegrated, at least one must Granger cause the other. In sum, a significant amount of information about economic growth may be derived from the cointegration relationships analyzed here. The second stage of my empirical approach are short-run panel models for the growth rates of GDP in line with the augmented technical progress function in equation 6. The cointegrating errors capture the possibility that adjustment is not instantaneous so that economies are temporarily away from their steady state. In addition, the change in hours per capita is added to take care of possible changes in work effort that were not accounted for in equation 6. Table 3 shows examples of short-run models both for the two panels and for selected countries. In the rich countries, GDP adjusts to errors in the cointegrating relationships of GDP with physical and human capital. In the emerging markets sample, GDP corrects errors in the relationships with physical capital and trade openness.
Relation to prior empirical work
The modeling approach in this paper differs from prior work in growth empirics both in the variables used and in the econometric techniques. The tested hypotheses are different as well. Most empirical growth analyses use production functions and the laws of motion of the exogenous variables to derive an empirical equation of the following form:
where y is the level of per capita GDP, g is the growth rate of technological progress, t is time, s k is saving for the accumulation of physical capital, s h is saving for the accumulation of human capital, n is the growth rate of population, δ is the depreciation rate, and α and β are the elasticities of substitution for physical and human capital in the production function. The a 0 is a measures of the initial level of technology, often approximated by additional variables. Subscripts i denote countries and an additional subscript t could denote the time dimension. Equation 11 is usually estimated using cross-section or panel techniques; sometimes it is interpreted as a cointegration relationship.
One difference to the approach proposed in this paper is that equation 11 uses the investment ratio instead of the level of physical capital to explain the level of income. This transformation requires that the capital-output ratios are identical across countries -an assumption that is usually not tested. It does not hold in the dataset used above, where the capital-output ratios over 1971-2003 range from less than 2 in the UK and in the US to around 3 in Germany and Finland.
The empirical finding of a positive coefficient on the investment ratio in cross-section studies stems in part from the use of international prices (Penn World Tables), which leads to extremely low investment ratios in low-income countries. In a sample of 19 empirical studies published between 1991 and 2004, 16 use investment ratios from the Penn World Tables and find a significant effect. Two of the three studies using IMF or OECD data find no effect and the final study seems to only capture an effect at the business cycle frequency.
Equation 11 also gives a prominent role to population growth which is assumed to be exogenous. However, demographic research clearly shows that population growth is not exogenous but depends on income. Richer societies tend to have fewer but better educated children. In the words of Becker, Glaeser and Murphy (1999, p. 146 ) "in the modern view, the growth in per capita income during the past 150 years has little to do with population." Likewise, Easterly (2001, p. 91) concludes "that there is no evidence one way or the other that population growth affects per capita growth."
Beyond focusing attention on a different set of variables, the approach presented in this paper also uses a different econometric approach. To date, crosssection methods remain prominent in growth empirics even if by construction they cannot model the evolution of economies over time. Solow (2001, p. 383) has "been skeptical from the beginning about the interpretation of cross-country growth regressions." The panel methods developed over the past decade helped researchers to model the dynamic properties of the growth process and the heterogeneity in the usually large sample of countries. Islam (1995) and Caselli, Esquivel and Lefort (1996) are important contributions. However, these methods do not explicitly deal with the non-stationarity of the time series. Pesaran, Shin and Smith (1999) propose a pooled mean group estimator that includes one cointegrating relationship in an error-correction model. However, cointegration is not tested and, as shown above, a single cointegrating relationship is too restrictive for the complex phenomenon of economic growth.
Few authors have approached long-run growth issues with cointegration techniques. One exception is Sarno (2001) who estimates country-specific cointegration vectors for the G7 economies for 1950 to 1992. The two main differences to my approach are that he looks for -and finds -just one cointegration relationship among five variables used in the augmented Solow model and that he does not use panel cointegration techniques. Dowrick (2004) also uses the idea of analyzing growth in an error-correction framework, but does not apply nonstationary panel techniques. Bottazzi and Peri (2007) use a similar approach as I do, with a stationary VAR as their second stage.
Conclusion and outlook
The theoretical and empirical approach of modeling long-run growth outlined in this paper differs significantly from earlier studies: It does not attempt to estimate coefficients of an aggregate production function and instead proposes an augmented Kaldor model with a technical progress function. The paper analyzes the linkages between four non-stationary variables with panel cointegration methods to find that all four variables considered here are closely linked to each other: pair-wise cointegration.
The theoretical model and the empirical results can be used for policy analysis. Policy priorities can be derived by identifying the weakest element among the three drivers of growth. For example, a country's physical capital and openness may currently be well above levels indicated by the cointegration relationships between these two variables and GDP. But human capital may be well below the equilibrium identified by the model. Then it would make little sense for that country to focus on even more accumulation of physical capital. Instead, priority should be given to human capital. Furthermore, the fixed effects in the cointegration regressions may provide useful information about the general setup of the respective economies. For example, one country may consistently require a larger stock of human capital per unit of GDP than another country. In this case, further analysis could ask what accounts for this difference in average productivity and whether policy may want to act to address this difference. This will be the subject of future work.
The setup presented here can also be used for forecasting medium-to longterm GDP growth. This requires forecasts for human capital, openness and population, and is the subject of a companion paper. As highlighted above, forecast failure has been widespread in recent years. The information included in the trajectories of the growth drivers and in the deviations from the equilibria (cointegration errors) may help reduce the size of these forecast errors.
Further work will try to improve and extend the model presented here. For example, data on physical capital from national statistical offices could be used instead of the crude data from the perpetual inventory method employed here. In addition, the stock of knowledge could be approximated using past expenditures on research and development. The model presented above could be used to test whether this stock of knowledge also cointegrates with the other determinants of GDP. Similarly, institutional quality may be a further variable that could be pair-wise cointegrated with the other variables in the model. However, long time series of meaningful measures of institutional quality are so far not available. 11 Furthermore, the short-run models could be extended by using determinants of short-run economic activity like interest rates or the oil price. Research". The above information does not constitute the provision of investment, legal or tax advice. Any views expressed reflect the current views of the author, which do not necessarily correspond to the opinions of Deutsche Bank AG or its affiliates. Opinions expressed may change without notice. Opinions expressed may differ from views set out in other documents, including research, published by Deutsche Bank. The above information is provided for informational purposes only and without any obligation, whether contractual or otherwise. No warranty or representation is made as to the correctness, completeness and accuracy of the information given or the assessments made. In Germany this information is approved and/or communicated by Deutsche Bank AG Frankfurt, authorised by Bundesanstalt für Finanzdienstleistungsaufsicht.
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